The response of pearl millet (Pennisetum glaucum [L.]) seedlings to prolonged starvation was investigated at the biochemical and ultrastructural level. After 2 days of darkness the bulk of the seedling carbohydrate reserves were depleted. After 8 days in the dark the respiratory rate had declined to less than 50% of its initial value and the plants had lost half of their total protein content. Unlike the situation with carbohydrate depletion, protein loss was restricted to specific organs. The secondary leaf and stem (including the apical meristem) showed little or no protein loss during this period. In the primary leaf, seed, and roots, protein loss was substantial. In spite of the high rate of protein degradation in the primary leaf and roots, these organs showed no ultrastructural changes suggestive of tissue, cellular, or subcellular degradation. In addition, ribulose bisphosphate carboxylase was not preferentially degraded during starvation and only a small decline in chlorophyll content was observed after 8 days in the dark. During the period from 8 to 14 days, cell death started at the tip of the primary leaf and gradually spread downward. Both shoot and root meristems remained alive up to 14 days. Consequently, the eventual death of the plant was due to the loss of the carbohydrate-producing regions rather than the meristems. We suggest that these results provide an explanation for the high degree of starvation tolerance exhibited by pearl millet.
Carbohydrate starvation is a fact of life for most higher plants. Since plants manufacture their own carbohydrates through photosynthesis, any condition which lowers the photosynthetic rate can lead to starvation. These conditions can include loss of photosynthetic tissue through microbial, insect, or herbivore attack or reduction in light intensity via shading by neighboring plants. In these situations the process of starvation begins with a decline in storage carbohydrate content and ends with the death of the organism.
Starvation has been extensively studied in animals (reviewed in 4, 16) . In plants, the largest body of literature pertaining to starvation has come indirectly from work on dark-induced leaf senescence (9, 12, (19) (20) (21) . In addition to these long-term leaf studies, carbohydrate starvation has also been investigated in short-term leaf studies ( 14) , in various organs of intact plants (7) , in attached roots (2) , in excised roots (17, 18) , and in cell suspension cultures (6, 10, 11, 15) . These studies have shown that the growth or respiration rates of the tissue or cells are immediately reduced by the lack of carbohydrate. Following carbohydrate depletion, net protein and lipid breakdown commences. This self-consumption is evident at the ultrastructural ' Present Address: Department of Biological Sciences, California State University, Hayward, CA 94542.
level and, at least in wheat and barley, consists initially of the selective degradation of chloroplasts and RuBPcase2 (9, 20, 21) .
We have observed that seedlings of pearl millet are better able to survive starvation than many other species, including wheat and barley (C. Baysdorfer, unpublished data). In the present study we have investigated the mechanisms of starvation tolerance in this species, focusing primarily on the question of preferential degradation of specific organs, tissues, cell types, cellular organelles, and proteins. Our results show that, unlike the situation in wheat and barley, chloroplasts and RuBP carboxylase are not preferentially degraded in pearl millet. In (13) . Serial sections were cut with a diamond knife on an American Optical Ultracut ultramicrotome, stained with uranyl acetate and lead citrate, and viewed and photographed with an Hitachi HU-11 E microscope.
Protein Extraction and Analysis. For total protein analysis, samples were ground in a glass/glass homogenizer in 50 mM Tris (pH 7.0) and were centrifuged, and the supernatant was assayed by the Bradford method (3). Samples for two-dimensional electrophoresis were phenol-extracted (5) . Depending on the organ analyzed, from 4 to 16 plants were used for each of the assays described above. Two-dimensional gels were run as previously described (2) . After electrophoresis the gels were silver stained with Bio-Rad reagents according to the procedure of Merril et al. (8) .
Experimental Design. With the exception of the respiration measurements, all experiments were conducted at the same time using the same groups of plants. The entire set of experiments was replicated twice. For certain experiments (survival, protein, TEM) additional replicates were also performed. Elongation of the primary root occurred at a rate of 3 to 4 cm/ d in both controls (plants kept in a normal photoperiod during the experiment, data not shown) and in the stressed plants for the first day in the dark. Thereafter, root elongation rates dropped to zero (Fig. lA) . When the starved plants were returned to the light for 1 to 2 weeks, elongation of the primary root again reached a rate of 3 to 4 cm/d. These observations show that the functional integrity of all permanent organs is maintained for at least the first 8 d of starvation.
RESULTS

Effects of Starvation on
Whole plant respiration rates declined gradually throughout the experiment. By 8 d, the plants were respiring at 40% of their initial rate. Note that since the plants used for respiration measurements were 1 d older and were grown under more crowded conditions than those used for the other studies, it is not possible to directly equate the loss of carbon through respiration with the decline in carbohydrate content. Thus, only the trends in respiration are emphasized here.
The effects of starvation on leaf Chl content, whole plant protein content, and whole plant storage carbohydrate content are shown in Figure lB . As noted visually, there was a very slight decline in leaf Chl starting at 5 d. Whole plant protein levels showed a gradual decline throughout the experiment. In contrast, whole plant carbohydrate levels dropped to less than 10% of their initial value by 2 d. The remaining carbohydrate is then depleted at a much slower rate. .,
.,M -;s. . * , , . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . a _ . . . . . . . . . . . . . . . . . (Fig. 4, inset) . The only consistent difference observed between root tissue of plants d in the dark and that from plants at 2, 5, and 8 d in the dark was the presence of starch grains in the control tissue and its absence in the dark treated plants (compare Fig. 3 with Fig. 4) . (Fig. 8) . Although many compoSilver-stained gels nents such as mitochondria and nuclei appear intact and wellSixty,gg of protein preserved, and distinct ribosomes can be identified, the cytohe gel containing plasm is characterized by the presence of numerous electronRuBPcase large transparent areas (starred regions in Fig. 8) Figure lB was restricted to specific organs, total protein was measured from the top and bottom halves of the primary leaf, the secondary leaf, the stem, seed, and roots (Fig. 9) . The (9, 20, 21) . We therefore conducted an analysis of the fate of RuBPcase in pearl millet. Figure 10 shows the effect of starvation on the total leaf protein profile. For RuBPcase large subunit, no major decline in staining intensity was observed during the period from 0 to 8 d. Since equal amounts ofprotein were loaded onto each gel, these results show that selective degradation of RuBPcase does not occur in pearl millet. Degradation of this enzyme, instead, appears to be at a rate equivalent to that of total protein. DISCUSSION The process of starvation in pearl millet can be considered to pass through three distinct stages. In the first stage (0-2 d) the bulk of the storage carbohydrate reserves are depleted. Coincident with this, respiratory rates start to decline and growth stops. These changes are not accompanied by any visual or ultrastructural alterations other than the disappearance of starch. Net protein degradation starts at this stage and a slight re-working of the protein profile is evident from other studies (2) .
In the second stage of starvation (2) (3) (4) (5) (6) (7) (8) (9, 20, 21) . As a consequence of the factors discussed above, the pearl millet seedling survives the loss of one-half of its total protein content (0-8 d) without predjudicing its future survival should the stress be removed.
In the third stage (8-14 d) , necrosis starts at the tip of the primary leaf and spreads downward. The first ultrastructural changes that precede necrosis are an accumulation ofosmiophilic bodies in the chloroplasts, stromal deterioration and the appearance of electron-transparent areas in the cytoplasm. Root and shoot meristems remain functionally intact throughout this period since all plants remaining alive after 14 d show regrowth from the original primary root tip and shoot meristem. Thus, in the last stage of starvation the death of the individual occurs not by the loss of meristematic regions but rather by the loss of the carbohydrate producing organs.
The results presented above reveal the broad outlines of a superbly crafted strategy of starvation tolerance. The basis of this strategy (carbohydrates used first, protein used last) is likely to be common to all plants. It is in the details of the execution that species differences are likely to be found. In the present study we have shown: first, that expanding leaves and stems (including the shoot meristem) are buffered from the loss of protein that occurs in other organs; second, that even in those permanent organs where protein loss is the greatest, ultrastructural and functional integrity remain intact. To our knowledge, similar studies have not been conducted with other species so we do not know whether these traits are unique to pearl millet. One trait which is unique to pearl millet, at least in comparison with wheat and barley (9, 20, 21) , is the ability of this species to prevent the preferential degradation of RuBPcase and the loss of Chl during starvation. As a consequence, the functional integrity of the chloroplast is maintained. The survival value of this trait to a plant recovering from starvation is clear.
